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Abstract 23
Land-use change due to the widespread practice of swidden agriculture affects the supply 24 of ecosystem services. However, there is comparatively little understanding of how the 25 hydrological functioning of soils, which affects rainfall infiltration and therefore flood 26 risk, dry-season flows and surface erosion, is affected by repeated vegetation clearing and 27 burning, the extent to which this can recover following land abandonment and vegetation 28 regrowth, and whether active restoration speeds up recovery. We used interviews with 29 local land users and indicator plant species to reconstruct the land-use history of 19 30 different sites in upland eastern Madagascar that represent four different land-use 31 categories: semi-mature forests that were never burnt but were influenced by manual 32 logging until 15-20 years ago; fallows that were actively reforested 6-9 years ago; 2-10 33 year old naturally regenerating fallows; and highly degraded fire-climax grassland sites. 34
Surface-and near-surface (down to 30 cm depth) saturated soil hydraulic conductivities 35 (Ksat), as well as the dominant flow pathways for infiltration and percolation were 36 determined for each land-cover type. Surface Ksat in the forest sites was very high 37 (median: 724 mm h -1 ) and infiltration was dominated by flow along roots and other 38 preferential flow pathways (macropores), whereas Ksat in the degraded land was low 39
(median: 45 mm h -1 ) with infiltration being dominated by near-surface matrix flow. The 40 total area of blue-dye stains was inversely correlated to the Ksat. Both surface-and near-41 surface Ksat had increased significantly after 6-9 years of forest regeneration (median 42 values of 203 and 161 mm h -1 for reforestation and natural regeneration, respectively). 43 7 igneous basement rocks (granites, migmatites and schists) in which Oxisols and Ultisols 142 have developed (Hervieu and Randrianaridera, 1956; Du Puy and Moat, 1996) . Based on 143 soil textural data down to 100 cm depth from the study area (Andriamananjara et 
Site selection 161
We wanted to sample sites that represented the four focal land-cover categories: (i) semi-162 mature forests that experienced heavy manual in the past but were never totally cleared 163 and burned. These forests contain mostly small trees with a few larger trees (diameter at 164 breast height ≥20 cm). It is likely that the latter represent remnant individuals that were 165 8 considered too small to be harvested at the time of the latest harvesting (F); (ii) reforested 166 shrub/tree fallows (RF), where endemic trees were actively replanted between 2005 and 167 2013 as part of the TAMS project; (iii) natural fallows (NF) dominated by shrubs and/or 168 trees of natural succession on abandoned agricultural land; and (iv) highly degraded 169 abandoned agricultural fields (DL) covered by scattered shrubs and grasses (fire-climax). 170
Undisturbed mature forests that have not been influenced by illegal logging, and older 171 fallows (>15 years) do not exist in the study area. We used a combination of previous 172 work that describes the plant species composition associated with different land-cover 173 stages (see Table 1 
Field measurements 185

Soil physical characteristics 186
Soil cores (100 cm³) were taken at two depths (12.5-17.5 cm and 22.5-27.5 cm) at each 187 measurement point along a transect to determine porosity, moisture content at field 188 9 capacity and bulk density. The moisture content at field capacity was defined as the 189 volumetric moisture content after three days of gravity drainage rather than following the 190 strict definition of the moisture content at a suction of 333 hPa (Koorevaar et al., 1983 distributions were analysed at the VU University in Amsterdam using a QUIXEL Neon Laser Optical System (Sympatec GmbH, Clausthal-Zellerfeld, Germany). To ensure 199 that there were no significant changes in soil texture along a transect, soil texture was 200 determined at each measurement location in the field following Rowell (1994) . 
Data analysis 231
Differences in bulk density, porosity, soil moisture content at field capacity, sand, silt, and 232 clay contents, as well as differences in Ksat between the respective land-cover types were 233 tested for statistical significance by applying the Kruskal-Wallis analysis of ranks with 234
Dunn's method (Kruskal-Wallis, 1952 between 8 and 65%. Although clay contents were highest (and sand contents lowest) for 247 the degraded land sites, the differences in sand, silt or clay contents between the land-248 cover types were not significant (Table 2) . Sand, silt and clay contents did not differ 249 significantly between the two depths intervals (12.5-17.5 cm and 22.5-27.5 cm) either. 250
Bulk density at 12.5-17.5 cm depth was significantly lower for the forest sites than for any 251 of the other land-cover types, but the differences at a depth of 22.5-27.5 cm between the 252 land cover types were small and not significant (Supplementary Materials 2 and 3a). 253 Likewise, differences in porosity (for either depth interval) between the different land 254 cover types were small and not significant. Although the differences in moisture content at 255 field capacity between land cover types were larger than those for porosity, they were also 256 not significant (Supplementary Materials 2, 3b and 4a). Drainable porosity (i.e., total 257 porosity minus moisture content at field capacity) at 12.5-17.5 cm did not differ 258 significantly between the different land cover types but at 22.5-27.5 cm the median value 259 12 for the forest sites was significantly smaller than that for the degraded land sites 260 (Supplementary Materials 2 and 4b). The results for drainable porosity as a fraction of 261 total porosity were similar. 262
Saturated hydraulic conductivity 263
Values of saturated hydraulic conductivity (Ksat) were generally higher for the forest sites 264 than for any other land cover (for all three measurement depths). However, the scatter in 265 the individual measurements was such that only the difference between the median Ksat of 266 the relatively undisturbed forest soils (724 mm h -1 ) and that of the degraded land 267
(45 mm h -1 ) was statistically significant ( Figure 2a and Table 2 ). At a depth of 10-20 cm, 268 the median Ksat for the forest sites (87 mm h -1 ) and reforestation sites (56 mm h -1 ) were 269 significantly higher than those for the natural fallows (14 mm h -1 ) and the heavily 270 degraded sites (20 mm h -1 ) ( Figure 2b and Table 2 ). At 20-30 cm depth, only the median 271
Ksat of the forest (4.3 mm h -1 ) and that for the soil at the degraded land sites (0.8 mm h -1 ) 272 differed significantly from each other ( Figure 2c and Table 2 The difference in median maximum volume density between the forest sites and RF/NF 322 plots was significant, with the median value recorded for the forest (0.72) being much 323 larger than the median for the younger regrowth (0.23; Table 3 ). The fraction of stains 324 with a width larger than 20 cm was also greatest for the forest sites (median: 0.22) but the 325 difference with the other land cover types was not statistically significant (median of 0.00 326 for the RF/NF sites vs. 0.10 for the degraded land). The fraction of stains smaller than 327 2 cm was lower for the forest soil sections (median: 0.37) than for the RF/NF (median: 328 0.49) and degraded land sections (median: 0.63). Even though these differences were not 329 15 statistically significant, they do suggest a trend towards more and larger macropores and 330 especially increased interaction with the soil matrix as vegetation regrows and the soil 331 recovers (Table 3) The first obstacle can be largely overcome by carefully selecting sites that have the same 355 soil type (Zimmermann et al. 2006) . In this study, all plots were on the same metamorphic 356 rock type, had a similar soil type and sub-soil textural differences between land-cover 357 types were not statistically different. Further, Ksat was not strongly correlated with soil 358 physical characteristics like bulk density or porosity, which suggests that differences in 359 soil type or texture did not affect Ksat as much as land-cover type and that there was 360 sufficient initial pedological homogeneity to allow the respective sites to be compared. 361
Precise land-use history in the study area varies at a very fine scale across the landscape 362 and finding sites with a truly identical history to group together is difficult or impossible. 363
However, by using a combination of available secondary data (i.e. shape files from the 364 TAMS reforestation project; Conservation International, 2011), indicator plant species, 365
and key informant interviews we were able to identify sites falling into general categories 366 of past land use. Detailed interviews with local people at each site gave additional 367 information (such as time since abandonment), which allowed us to explore the impact of 368 land-use history on Ksat. 369
Effect of land-cover type on saturated soil hydraulic conductivity 370
We observed much lower Ksat-values in the natural fallow sites and, especially, the 371 degraded land sites than in the forest sites (Table 2 and 
Recovery of soil hydrological functioning 406
We found that surface Ksat increased with time since agricultural abandonment when the 407 results for the natural fallow and reforestation sites were combined but the trend was not 408 significant when considering the NF sites only. Median values of Ksat at 20-30 cm depth 409 did not differ significantly for the natural fallow and reforestation sites either (Table 2) . 410 Therefore, it is not clear from the measurements whether active reforestation decreases the 411 time needed for hydrological restoration of the soil compared to natural regeneration. This 412 could be due to the limited number of measurements (n = 30 for NF and n = 20 for RF) or 413 that any difference is masked by differences in land-use history and the degree of 414 degradation prior to agricultural abandonment. In addition, the time since planting (6-9 415 years) or land abandonment (2-10 years) was likely too short to distinguish between the 416 two regenerative pathways. Unfortunately, older regenerating sites and reforested sites 417 cannot be found in the area. We, therefore, suggest that our measurements should be 418 repeated in the future (e.g. five and ten years and even further after the current 419 measurements) as the effects of active reforestation versus natural regeneration may take 420 longer to manifest than the age of sites available in this study. 421
We found no significant differences in Ksat at 10-20 cm or 20-30 cm below the surface 422 between the natural fallow sites and the degraded grassland sites. Nor did we find a 423 significant increase in sub-soil Ksat with time since land abandonment (Table 2 ). This 424 suggests that the subsurface Ksat requires a (much) longer time to recover than surface Ksat. suggest that preferential flow caused the infiltration rates to be highest for the semi-mature 464 forest sites and lowest for the degraded land. Generally, the infiltration pattern was more 465 uniform in the higher-conductivity top layer which is relatively rich in organic matter, 466 while percolation in the lower-conductivity and more clayey layer at around 7.5-15 cm 467 depth, occurred mainly along preferential flow pathways (Figure 4) . The preferential flow 468 pathways were most abundant in the forest sites and less abundant in the reforestation, 469 natural fallows and degraded land sites. There were fewer preferential flow pathways in 470 the degraded sites, but where they occurred, they allowed water to move deeper than in the 471 forest sites, in part because of the lower interaction with the matrix. While the dye 472 experiments were useful to visualize the differences in the infiltration and percolation 473 21 pathways, the number of experiments was too small to determine any statistically 474 significant differences in the dye patterns between the land cover types. found large differences in maximum infiltration depth for the different land uses. They 497 also found that larger rainfall applications resulted in deeper infiltration, except under 498 22 forest. We did not find significant differences in the maximum depth of infiltration (or any 499 other parameter describing the blue dye patterns) for the 20 and 40 mm applications 500 (Table 3) . Instead, the blue dye patterns and Ksat profiles with depth suggest that most of 501 the infiltrated water stays in the top 30 cm of the soil or results in shallow lateral flow with 502 very little water percolating through the denser clay layers below. 503
Implications for runoff generation processes 504
Whether rainfall infiltrates into a soil or flows along the surface depends largely on the 505 magnitude of the surface Ksat relative to the prevailing rainfall intensity, and, in addition, 506 on the change in Ksat with depth (Elsenbeer, 2001; Bonell, 2005) . The relatively high 507
surface Ksat-values exceed most rainfall intensities observed in the study area, suggesting 508 that infiltration-excess overland flow is a rather rare phenomenon. However, Ksat 509 decreased sharply with depth for all land-cover types ( Figure 2 and Table 2 vertically through the soil profile until meeting the first layer that has a lower Ksat than the 513 incident precipitation rate, and will then start to accumulate above this layer (Figure 6) . 514
Depending on the magnitude of the lateral Ksat and the slope gradient, water will either 515 flow laterally above this impeding layer or saturate the soil layers above it. For large 516 rainfall events coinciding with high antecedent soil moisture conditions, this can lead to 517 saturation-excess overland flow (Elsenbeer, 2001; Bonell, 2005) . Because of the relatively 518 low Ksat-values observed already at 10-20 cm depth in the young natural fallow sites and 519 the degraded sites (Table 2) , less water will be needed there to fully saturate the soil and 520 generate saturation-excess overland flow at these sites than at the forest sites ( Figure 6 
Conclusions 549
Swidden agriculture continues to be an important land-use practice in many tropical forest 550 areas. Understanding its influences on important soil-and water-related ecosystem 551 services is therefore important. Our study in eastern Madagascar shows that land 552 degradation, which can arise from swidden agriculture with short fallow cycles, changes 553 soil functioning in ways that reduce rainfall infiltration. Infiltration into the forest soil was 554 dominated by preferential flow with a high interaction with the soil matrix, while 555 infiltration in the degraded land was mainly due to matrix flow in the top soil layers. We 556 found a sharp decline in soil hydraulic conductivity with depth and a low hydraulic 557 conductivity relative to the prevailing rainfall intensities in the degraded sites, which 558 suggest that saturated overland flow in the degraded land is common. Enhanced overland 559 flow occurrence can result in progressive soil erosion and degradation and diminished 560 rates of soil water-and groundwater recharge, which may ultimately impact dry-season 561 flows in streams and rivers. 562
Our results, further, suggest that saturated soil hydraulic conductivity at the surface 563 increased after several years of land abandonment and forest regrowth. However, we 564 found no significant differences at 20-30 cm depth. Full hydrological recovery of 565 degraded sites with vegetation regrowth may, therefore, take several decades. Due to 566 differences in soil degradation before reforestation or natural regrowth, and the short time 567 span since reforestation (< 10 years), it remains unclear whether active replanting 568 decreases the time required for soil hydrological restoration. Given the interest in active 569 forest restoration in Madagascar, as in many other areas of the tropics, further work is 570 25 needed to more fully understand the rates at which soil hydrological functioning can be 571 rebuilt and to quantify the extent to which active replanting, rather than passive 572 regeneration, can contribute to more rapid rebuilding of soil-and water-related ecosystem 573
services. 574
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